Object. Oxidative stress leading to lipid peroxidation is a major cause of secondary injury following spinal cord injury (SCI). The objectives of this study were to determine the duration of lipid peroxidation following acute SCI and the efficacy of short-and long-term administration of methylprednisolone on decreasing lipid peroxidation.
S
pinal cord injury has permanent and devastating effects on the lives of affected individuals. Major neurological deficits of SCI, such as paraplegia or tetraplegia, are the result of 2 closely related events, the primary mechanical injury and the subsequent secondary injury caused by biochemical reactions. 2 Various mechanisms have been proposed to explain the cellular damage attributed to secondary injury. These include vascular, electrolyte, and biochemical changes as well as edema and loss of energy metabolism. 44 Oxidative stress is a term frequently used to describe the numerous cytotoxic consequences of oxygen-free radicals and other chemically reactive species. These molecules are generated as by-products of normal and atypical metabolic processes that use molecular oxygen. 13 Their reactivity is the result of an unpaired electron in their outer atomic orbital. 8 It is the product of this reactivity that contributes to neuronal injury by reacting with endogenous proteins, 1 lipids, and nucleic acids, 3 causing structural changes through reconfiguration and degradation. Oxidative stress initiates lipid peroxidation cascades that lead to the damage of highly vulnerable cell membranes during the first few days after injury. 29 The detrimental effects of secondary injury have been shown to worsen over time (up to 3-6 weeks postinjury). 44 Although the pathological changes such as the development of a gliotic scar around the lesion, 44 wallerian degeneration, axonal loss, 16 and prolonged ischemia 2 are well characterized, the time course and magnitude of lipid peroxidation are not known beyond the initial 24 hours after the injury as the majority of studies on lipid peroxidation have measured markers only within the first 24 hours after injury. 4, 7, 21, 39, 42, 43, 45 Establishing the duration of lipid peroxidation after the injury is important as reduction of lipid peroxidation with drugs such as methylprednisolone has been proposed as a potential therapeutic intervention in patients who have suffered SCI.
Methylprednisolone has been studied extensively in animal models of SCI. Early studies demonstrated a Duration of lipid peroxidation after acute spinal cord injury in rats and the effect of methylprednisolone Laboratory investigation significant biochemical effect after the administration of high-dose methylprednisolone. [8] [9] [10] [21] [22] [23] [24] 37 The potential for human application of this treatment led to the development of the National Acute Spinal Cord Injury Studies.
5,6
The proposed mechanism of action of methylprednisolone has been the reduction of secondary injury by scavenging lipid peroxyl radicals, thereby inhibiting the lipid peroxidation cascade. 17, 18, 22, 23, 25, 43 This in turn has been thought to result in preservation of neurons, axons, myelin, and intracellular organelles, including the mitochondria and nucleus. 30, 31 However, more recent studies have suggested that methylprednisolone acts preferentially on glia and has less of an effect on neurons, 33 and seems to have a significant impact on glial activation, thereby reducing the production of inhibitory chondroitin sulfate proteoglycans 36 and possibly facilitating an environment more suitable for regeneration.
This study was designed to determine the levels and the duration of lipid peroxidation after the initial injury in a rat model of SCI caused by clip compression and the effectiveness of methylprednisolone in reducing this lipid peroxidation.
Methods
The following protocol was reviewed and approved by the local University Animal Care Committee, and all procedures performed throughout this investigation were conducted in accordance with the guidelines of the Canadian Council of Animal Care and the University Council on Laboratory Animals.
Animal Preparation
A total of 266 female Wistar rats (250-300 g, Charles River) were used. The animals were housed 2 per cage prior to surgery with food and water ad libitum. After arrival in our animal care facility, the animals were allowed to acclimatize for a minimum of 3 days prior to surgery. After surgery, the animals were housed individually to prevent injury caused by their cage mates, and they were monitored closely for illness.
Surgery and Postoperative Care
The animals were anesthetized using a 2.0-ml/kg intraperitoneal injection of a mixture of 25% ketamine hydrochloride (Ketalean, MTC Pharmaceuticals), 6% xylazine (Rompun, Miles Canada), and 2.5% acepromazine maleate (Wyeth-Ayerst Canada) in 0.9% saline. Betadine surgical scrub (7.5% povidone-iodine, Purdue Frederick, Inc.) was used for sterile preparation of the surgical field after shaving. A dissecting microscope facilitated exposure and laminectomies at the T9-10 level. A severe SCI was induced at T-10 via a clip compression (60 g for 1 minute). The wound was irrigated and the muscle and skin closed in layers with 000 polyglactin suture (Ethicon).
Animals were provided soft bedding and fresh hay. Wooden blocks were placed in each cage to serve as distractions to reduce autotomy. Intraoperative and postoperative body temperatures were maintained using a heating pad. Softened food was prepared twice daily and placed on the cage floor within reach of the animals. The rats were washed and had their bladders expressed twice daily for the duration of the experiment. All animals were monitored for urinary tract infections and when present, were treated with 10% enrofloxacin (1.0 ml/kg subcutaneous daily; Baytril, Bayer, Inc.).
Study Design and Treatments
This study consisted of the following 3 experiments (Table 1) Six animals in the duration group served as controls for the lipid peroxidation assay and did not undergo lesioning. The animals in the duration experiment were naive to any treatment of their SCI.
Based on previously reported studies, 24, 32, 35, 40, 41 the animals treated with methylprednisolone received an initial 30-mg/kg bolus intraperitoneally, followed by an infusion of 5.4 mg/kg/hr. Control animals received equal volume injections of vehicle (normal saline). The animals in the 24-hour group received intraperitoneal injections for a total of 24 hours. The animals in the 168-hour group received an intraperitoneal infusion of methylprednisolone for a total of 7 days, administered via implanted os- motic pumps (Alzet). The time points selected for death in both groups were matched to time points used in the Duration experiment. At the appropriate time the animals were killed using an overdose of anesthetic and perfused transcardially with 300 ml of isotonic saline. The entire spinal cord was quickly dissected and weighed. A tissue homogenate was made in 20 mM phosphate buffer pH 7.4 (0.40-0.60 g tissue/2 ml buffer), containing 20 µl of 5 mM butylated hydroxytoluene in acetonitrile. The homogenate was centrifuged to remove large particles and kept on ice.
Tissue Analysis
A Lowry assay was performed to ensure that the supernatant of the homogenate contained 15-60 mg/ml protein, the level necessary for the assay. Two 200-µl samples of the homogenate were each added to 800 µl of water and 5.0 ml of Working Lowry Solution (2% Na 2 CO 3 in 0.1 N NaOH, 1% CuSO 4 , 0.5% potassium tartrate). This solution was incubated at room temperature for 25 minutes. After incubation, 400 µl of Folin-Ciocalteu reagent (Sigma Aldrich) was added to each sample incubated at room temperature for an additional 30 minutes. The optical density for each sample was measured at 750 nm with reference to distilled water.
A colorimetric assay (Oxford Biomedical Research) was used as an indicator for lipid peroxidation in the tissue by measuring the MDA concentrations. Four 200-µl aliquots of supernatant from the centrifuged tissue homogenate for each animal were placed in microcentrifuge tubes. One aliquot from each animal was used as a "sample blank" and mixed with 650 µl of acetonitrile (75%) in methanol (25%). The other samples were mixed with 650 µl of N-methyl-2-phenylindole and 150 µl of 12-M HCl. All samples were then incubated at 45°C for 60 minutes. The resulting solutions were centrifuged at 10,000 G for 10 minutes. The supernatants were transferred to cuvettes, and the absorbance was recorded at 586 nm. The concentration of MDA for each sample was then calculated by reference to a standard curve. The concentration of MDA for each animal was recorded as the mean value of the 3 samples for that animal.
Statistical Analysis
Within each experiment the MDA values were compared using a one-way analysis of variance-the time postlesion as the independent variable and MDA concentration as the dependent variable. Significant differences were examined using the Tukey post hoc test. Reported probability values reflect the results of the post hoc tests. Individual group means for death and weight loss were compared using a t-test.
Results

Extent of Injury
All lesioned animals had complete loss of motor control and bladder function below the level of injury. This persisted for the duration of the experiment. Histologically the injured region of the spinal cord demonstrated central necrosis with cavitation and a surrounding inflammatory infiltrate. Regions of intact neural tissue displayed a reduction in myelin staining indicative of wallerian degeneration. Figure 1 illustrates the typical histological appearance at 24 hours after clip compression.
Spinal Cord Weights and Lowry Assay
The mean wet weight of the spinal cords from all groups was 0.51 ± 0.06 g (± SD). The mean weights for each group in each experiment are listed in Table 2 . There was no statistical difference in mean weights between any of the groups examined. The protein concentrations cal- * There were no significant differences between any of the groups. culated using the Lowry assay showed that the supernatants of the homogenates contained between 20 and 50 mg protein/ml, which is within the suggested limits for accuracy of the MDA assay.
Lipid Peroxidation Levels
The MDA concentrations are reported as means ± SD. The baseline MDA concentration in nonlesioned animals was 2.00 ± 0.75 µM. After acute SCI the levels rose quickly to 4.52 ± 1.65 µM at 4 hours. This peak was short-lived as the MDA level returned to baseline at 12 hours (1.74 ± 0.78 µM). A second increase in MDA level was observed by 24 hours (4.43 ± 0.92 µM) and was sustained for 120 hours (4.70 ± 1.31 µM) before returning to baseline at 144 hours (2.30 ± 0.072 µM). The difference between the 2 peaks and the baseline level was statistically significant (p < 0.008; Fig. 2 ).
Methylprednisolone Treatment (24-Hour Group)
The methylprednisolone-treated animals and normal saline controls exhibited a sharp increase in MDA levels after injury (4.78 ± 1.24 and 4.55 ± 2.44 µM at 1 hour, respectively). These values were not statistically different. At 4 hours, however, the methylprednisolone group displayed significantly lower MDA levels than those in the normal saline group (2.66 ± 1.06 vs 4.68 ± 1.24 µM, p < 0.04). Both groups displayed a similar decrease in MDA levels at 12 hours followed by another increase at 24 hours. There was no statistical difference between the methylprednisolone and normal saline groups at 12 hours and later (Fig. 3) . No rats died in either group.
Methylprednisolone Treatment (168-Hour Group)
The animals treated with methylprednisolone displayed a statistically significant reduction in the concentration of MDA at 6 and 12 hours after injury when compared with normal saline controls (3.19 ± 0.46 µM and 0.46 ± 1.64 µM [for the methylprednisolone group] vs 3.98 ± 0.46 µM and 1.82 ± 0.70 µM [for the normal saline group], p < 0.01). Both groups exhibited a second increase in MDA concentration by 24 hours, which persisted for 120 hours before returning to baseline. There was no statistical difference between the methylprednisolone and normal saline groups after 12 hours (Fig. 4) .
The animals in both groups examined at the latest time point (168 hours) had initially experienced equal weight loss. However, at 7 days the animals treated with methylprednisolone had a persistent average weight loss of 28.0% compared with those in the normal saline control group, which averaged a 6.4% weight gain from their preoperative measurements (p < 0.0001; Fig. 5 ).
In addition, the methylprednisolone-treated animals in this experiment were the only ones that sustained any predetermined mortality. Of the animals expected to survive 120 and 168 hours, 3 (25%) of 12 died prematurely. One died at 4 days of a complicated urinary tract infection. The remaining 2 were killed at 5 and 6 days at the request of the animal care facility because of their weight loss. There was no statistical difference in mortality rates between the treated animals and controls in this experiment when comparing both groups as a whole (3 of 36 vs 0 of 36 rats, respectively; p = 0.62) or only the animals assigned to the 2 longest time points, 120 and 168 hours (3 of 12 vs 0 of 12 rats, respectively; p = 0.39). 
Discussion
An effective treatment strategy to reduce or reverse the permanent effects of SCI remains elusive. Understanding the complexity of biochemical and structural changes that occur following acute injury may be a key to developing effective therapies in the future.
Lipid peroxidation is one of the most important and damaging effects of free radicals following SCI and a key mechanism in oxidative stress. 2, 3, 19, 20, 25 The oxidation of membrane lipids increases the permeability and fluidity of the membrane to ions, decreases numerous membrane adenosine triphosphatase activities, 28 and increases rigidity.
14 Normal cellular membrane functioning is closely related to the presence of unsaturated and polysaturated lipid side chains. 14 The cascade of events culminating in lipid peroxidation begins with the interaction between a free radical and the phospholipid bilayer of the cellular membrane. A hydrogen atom is removed from a methylene carbon of a polyunsaturated fatty acid 28 resulting in the creation of a lipid radical. This newly formed radical can then interact with molecular oxygen to produce a peroxyl radical. At this point, a self-propelling chain of further lipid peroxidation can be propagated by the removal of a methylene carbon from another polyunsaturated fatty acid. Repetition of this process greatly alters the properties of the cell membrane including its fluidity, thereby affecting function and cell survival. 14 The present study has demonstrated that acute oxidative stress, as measured by a lipid peroxidation marker (MDA), persists for up to 120 hours (5 days) after acute SCI in rats. This observation strongly suggests that lipid peroxidation with its deleterious effects are present for much longer than the 48 hours as previously described. 31 The most striking finding in the time course of lipid peroxidation was the presence of 2 separate, and statistically distinct, peaks from 1 to 6 hours and from 24 to 120 hours postinjury (Fig. 2) . Qian and Liu 39 reported a similar early increase in MDA levels followed by a return toward baseline at 9 hours after injury. However, in that report the authors did not examine MDA levels beyond that time point.
The cause of the 2 observed MDA peaks is unclear. Elevated levels will result from damage to both gray and white matter as well as from both primary and secondary injury mechanisms. However, the precise mechanisms and anatomical locations of these events cannot be determined in this study. Nevertheless, it is likely that each lipid peroxidation peak (Fig. 2) represents the summation of the various biochemical events occurring at that particular point in time. The observed time course of these events may help us postulate the underlying cause of the lipid peroxidation at various time points after SCI. For example, glutamate excitotoxicity is believed to manifest rapidly after injury, toxic levels detected by 15 minutes and peak levels at 6 hours, 3, 12, 26, 27 and may contribute to the initial increase seen within the first 12 hours (Fig.  2) . Ischemia also occurs within the 1st hour after injury and persists for at least 24 hours. 44 Infiltration of neutrophils into the site of injury has been shown to occur by 6 hours and is followed by activated macrophages/microglia, which peak between 24 and 48 hours after injury and persist during the 1st week. 11, 26, 38 These events may interact with each other to produce the temporal variations in MDA production that we have observed during the 1st week after injury. In this regard, developing treatments that reduce lipid peroxidation targeted at different mechanisms may be of great benefit in reducing secondary injury during the 1st week after SCI.
Methylprednisolone has been previously shown to reduce MDA levels in experimental studies, providing evidence of functional improvement compared with controls. 23 These measurements were primarily taken within the first few hours after injury [21] [22] [23] 45 and correlate well with the reduction in levels we observed in the first peak. However, neither short-term (24-hour) nor continuous infusion of methylprednisolone had any effect on the second MDA peak observed in this study. The lack of effect may have been due to a subtherapeutic dosage of drug or that the predominant underlying pathological process is not amenable to methylprednisolone therapy. The routine use of methylprednisolone in clinical practice has come under scrutiny in recent years. Magnetic resonance imaging findings in humans have suggested that only a minimal gross anatomical effect is observed in those treated with methylprednisolone. 34 Furthermore there is growing evidence that methylprednisolone may induce a negative interaction with other therapies, such as erythropoietin 15 and anti-CD11c monoclonal antibody, 46 which exert a positive effect when administered on their own. Therefore, the relative biochemical impact of this therapy must be kept in mind when developing future strategies.
Conclusions
In this study we have established that oxidative stress, as measured by MDA levels, persists for up to 5 days after acute SCI in rats. Methylprednisolone reduces the concentration of MDA within the first 12 hours after injury. Neither short-term (24 hours) nor long-term (7 days) administration of methylprednisolone showed any effect on the second, more prolonged MDA peak, which lasts from 24 hours to 5 days. The weight loss and mortality rates were greater in the 7-day methylprednisolone group. This novel observation of sustained levels of oxidative stress may have important implications on the development of future strategies to treat the secondary injury after an acute SCI.
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